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Abstract 
The ability to recognize speech, engage in daily communication and learn new information is 
crucial for human beings. We are able to perform these tasks sufficiently as a result of the 
efficiency of our auditory system. Our auditory perception goes beyond the ability to detect 
sound. It allows us to interpret multiple pieces of information received from the environment 
and make meaningful associations for both familiar and unfamiliar sounds. However, not 
every individual has normal auditory perception. Often individuals show poor ability to 
discriminate basic signal features (i.e. temporal cues) which leads to difficulty understanding 
speech in the presence of noise, following multi-step instructions and understanding 
information. These challenges often lead to the speculation of auditory processing disorder 
(APD). 
Children with developmental delays in auditory processing are more prone to experience 
difficulty in a classroom setting. As a result, an auditory processing disorder is likely to be 
identified in school aged children. Poor auditory perception often leads to academic failure, 
poor organization skills, a tendency to become easily distracted and difficulty learning 
unfamiliar sounds. However, the extent of these behaviours and their similarity to other 
developmental disorders (i.e. speech language disorder) may vary between children. Often 
these children are referred to an audiologist who will perform an Auditory Processing 
Evaluation to assess their auditory skills. Currently, many auditory processing tests are 
available to use, however, audiologists will choose the tests based on the case history and 
complaints of the child.  
Temporal cues are important for speech understanding in noisy and quiet conditions 
(Lorenzi, 2008; Shannon et al., 1995). One method to assess the ability to discriminate 
temporal cues is the amplitude modulation task. Given the lack of sufficient data on 
amplitude modulation discrimination in children with APD, the purpose of this thesis was to 
examine amplitude modulation perception in listeners (children with APD, typically 
developing children and adults) through an adaptive amplitude modulation task, estimation of 
psychometric functions for this task study and verification of the amplitude modulation task 
on a portable device (iPaas-based Psychoacoustic App Suite).  
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The amplitude modulation task assessed listeners’ detection of modulation as modulation rate 
varied. A total of eighty listeners took part: (28) children with Auditory Processing Disorder 
(APD), (22) typically developing children (TD) and (30) normal hearing adults. A three-
alternative forced choice adaptive procedure was administered to assess amplitude 
modulation frequencies at 20, 32, 100 and 200 Hz. All listeners had better thresholds at 20 
Hz compared to 200 Hz. Thresholds at 20 and 200 Hz for children with APD were 
significantly poorer compared to typically developing children and adults but typically 
developing children and adults had similar thresholds.  
Study 2 (psychometric function estimation) was used to further characterize the modulation 
detection process. Psychometric function describes the relationship between the correct 
percent of detection and modulation depth. A total of thirty participants were enrolled in the 
study: (10) children with Auditory Processing Disorder (APD), (10) typically developing 
children (TD) and (10) normal hearing adults. A three-alternative forced choice non-adaptive 
procedure was administered and the psychometric functions were measured at 20 and 200 
Hz. Children with APD showed poorer thresholds for modulation detection, as in Study 1, 
and shallower slopes compared to typically developing children and adults. Comparable 
thresholds and slopes in the typically developing children and adults suggests they are using 
similar listening strategies to extract temporal cues. The performance of the children with 
APD was consistent with greater uncertainty. 
Finally, the goal of Study 3 (iPaas verification) was to examine the amplitude modulation 
thresholds obtained with a portable device (iPaas-based Psychoacoustic App Suite) and 
research laboratory-grade equipment (TDT).  Because different transducers (ER 2 A insert 
earphones vs.  DD 450 circum-aural headphones) are used in the 2 systems a transducers 
verification was performed followed by the iPaas verification. A total of 10 normal hearing 
adults enrolled in the study. Results demonstrated that for the transducers verification, 
thresholds obtained from the DD 450 circumaural transducers were significantly better at 20 
and 32 Hz but were within 2 SD of the ER-2A Insert transducers. For the iPaas verification, 
thresholds were not significantly different between the systems for all four amplitude 
modulation frequencies. This suggests that the iPaas is able to generate similar signal to the 
research grade equipment.  
 iii 
 
In combination, these three studies help improve our understanding of how sensitivity to 
temporal cues can affect the ability of listeners to perceive auditory information. Findings of 
poor amplitude modulation thresholds and slopes in children with APD may suggest the 
inefficiency of the auditory system in extracting temporal cues, potentially leading to poor 
speech recognition in noisy conditions. Given this finding, the non-speech amplitude 
modulation task can provide additional information in a clinical setting and should be 
included as an additional measure in the Auditory Processing Evaluation test battery. 
 
Keywords 
Auditory Processing Disorder (APD), typically developing (TD), psychoacoustics, amplitude 
modulation (AM), temporal processing, modulation depth, thresholds, slopes, (central) 
auditory system, adaptive, non-adaptive 
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Chapter 1  
1 Introduction  
Approximately 2-5% of school-aged children are diagnosed with Auditory Processing 
Disorder (APD) (Chermak & Musiek, 1997). Children with APD will typically display 
difficulty in understanding speech in the presence of background noise and they tend to 
seek audiology service to examine their hearing. Audiologists typically perform a full 
peripheral hearing evaluation such as pure tone audiometry, tympanometry, and 
otoacoustic emissions (OAEs) to rule out the possibility of hearing loss. However, these 
children are often found to have hearing thresholds within normal limits despite their 
listening complaints and poor academic performance (American Academy of Audiology 
(AAA), 2010). Along with listening difficulties, these children may have associated speech 
and language difficulties (American Speech Language and Hearing Association, (ASHA), 
2005). The cause of APD is still largely unknown, and many researchers believe it is related 
to hereditary factors, maturational delay, and ear infections (Borges, Paschoal, & Colella-
Santos, 2013; Tomlin & Rance, 2016; Brewer et al., 2016). 
1.1 Auditory Processing Disorder  
1.1.1 Definition and Criteria for Identification 
The American Speech Language and Hearing Association (ASHA) (2005) has defined 
APD as a disorder associated with difficulty in auditory discrimination, sound 
localization, and auditory pattern recognition and reduced auditory performance in the 
presence of background noise. ASHA recommends a test battery approach to diagnosing 
weaknesses in auditory skills of children. ASHA recommends including both behavioral 
and objective tests in the test battery. Behavioral tests examine the functional capabilities 
of the auditory system. ASHA recommends including both speech and non-speech tests 
in a test battery. The common tests that are used are auditory discrimination tests, 
dichotic speech tests, monaural low-redundancy speech tests, and binaural interaction 
tests. Objective tests assess the neural integrity of the auditory system. The click-evoked 
auditory brainstem responses (ABR) or late latency responses or P300 can be used to 
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assess the neural integrity of the auditory system. The test battery should be chosen based 
on case history and peripheral audiological evaluation.  The diagnosis of APD can be 
made if test results are greater than two standard deviations from the age-matched 
children, on two or more tests. If only one test is administered, the child will receive the 
diagnosis of APD if the test score falls at least three standard deviations away from the 
age-matched mean (ASHA, 2005). 
1.1.2 Comorbidity                                
Although ASHA (2005) has provided guidelines for APD diagnosis, there are some 
controversies. The dispute arises mainly from the speech tests that are used to examine 
auditory processing. It is a well-known fact that children with APD may have an associated 
speech-language disorder if their performance on speech tests is poor since it is difficult to 
distinguish between language and listening skills (British Society of Audiology (BSA), 
2011). Moore, Ferguson, Edmonson-Jones, Ratib and Riley (2010) believe that APD 
symptoms may co-exist with symptoms of cognitive and psychological disorders making 
it even more challenging to understand the nature of Auditory Processing Disorder.  
Children with APD are also known to have difficulties in attention and memory (Moore, 
2006). Behavioral tests that are used to examine the auditory processing involve some 
degree of attention and memory. Hence, if the test results are poor, it is challenging to tease 
apart the auditory deficit from the attention deficit (Stavrinos, Illiadou, Edwards, 
Sirimanna, & Bamiou, 2018). Because of these concerns, it is reasonable that clinicians 
and researchers continue to question the use of the appropriate diagnostic measure for APD 
diagnosis. 
Initially, many believed that speech tests can provide a reliable measure to distinguish 
between children with APD and typically developing children (Cameron & Dillon, 2008). 
Some also believe that non-speech test materials cannot provide useful information and fail 
to show consistent results that can contribute to APD diagnosis (Moore et al., 2010). 
Whereas Ludwig and his colleagues’ (2014) advocate using non-speech tests as these test 
results are not influenced by language factors. Moore’s study (2006) and BSA (2007) also 
support the use of non-auditory stimuli as reliable measures for APD diagnosis.  
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The general definition of APD is a deficit in the central nervous system in processing 
auditory information (ASHA, 2005; Jerger & Musiek, 2000). The central nervous system 
is also responsible for language and cognitive tasks, and it is important to understand that 
APD is an auditory deficit that is not related to other higher-order cognitive or language 
disorder (ASHA, 2005). Often, other health professionals are also involved in the 
assessment to provide additional crucial information before diagnosis. For example, a 
psychologist can examine the cognitive function of different areas, a speech-language 
pathologist can evaluate oral and written skills, and a teacher can help identify the area of 
academic difficulty.  
1.1.3  Intervention 
Although there is conflicting research regarding the diagnosis of APD, researchers and 
clinicians do agree on a few interventions that act as a coping mechanism to better manage 
these challenges. A few common suggestions are the implementation of FM systems, 
individualized listening strategies and specific auditory training (Iliadou et al., 2017). 
These interventions have been known to minimize the challenges of these individuals with 
auditory processing disorder.  
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Chapter 2  
2 Temporal Processing 
Auditory temporal processing is defined as the perception of acoustic stimuli within a 
given time frame (Pinheiro & Musiek, 1985). Temporal processing is critical for 
understanding speech in quiet and in the presence of background noise (Gordon-Salant, 
Fitzgibbons, & Yeni-Komshian, 2011). To recognize speech, listeners must be capable of 
processing brief, time-varying acoustic information that changes rapidly. The ability to 
follow the overall timing structure (prosody) is mandatory in order to develop appropriate 
listening and language skills (Wingfield, Poon, Lombardi, & Lowe, 1984). 
2.1 Temporal processing in young children and children 
with developmental disorder 
Some children with auditory processing disorders or other neurodevelopment delay may 
have difficulty in processing temporal auditory stimuli (Tallal, 1980; Benasich & Tallal, 
1996). A temporal processing deficit can be the underlying factor in the ability to 
understand speech and attain good academic performance. There is evidence shown that 
temporal processing may change with age. One study reported that older listeners who 
cannot sufficiently follow variation in speaking rates had greater difficulty in speech 
recognition compared to younger listeners (Gordon-Salant, Yeni-Komshian, & 
Fitzgibbons, 2008). Changes in temporal processing due to age can lead to problems with 
processing and understanding speech information (Grose, Hall, & Buss, 2006). These 
findings generally support the conclusion that temporal processing can be sensitive to age 
for speech discrimination.   
2.2 Types of temporal processing 
Auditory temporal processing can be measured in four general categories: temporal 
ordering or sequencing, temporal integration or summation, temporal masking and 
temporal resolution. Each type of measure is important for describing temporal 
processing and each can provide audiologists with the best overall picture of auditory 
processing.   
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Temporal ordering or sequencing suggests the ability to process multiple auditory stimuli 
in the order of occurrence (Musiek, 1994). This ability is affected by a number of factors 
such as number of stimuli, the order of sequence, the difficulty of the task and the amount 
of training that was offered to the subject. In order to assess temporal ordering and 
sequencing, frequency and duration pattern Tests were developed (Musiek, 1994). Both 
of these tests measure the ability of the listener to state the order of a sequence of three 
tones that varied in frequency or duration.  
Temporal integration refers to the accumulation of sound energy over the duration of the 
stimulus to improve detection (Moore & Moore, 2003). Moore (1973) reported that 
listeners’ abilities to detect differences in the frequency of two successive tone pulses 
were improved when they were provided with increasing duration of the tone pulses for 
up to a few hundred milliseconds.  
Temporal masking involves changes in detection threshold of a target stimulus due to the 
presence of another sound stimulus. This ability is assessed by presenting a masking tone 
with sufficient duration and intensity that it can reduce the sensitivity of a stimulus that is 
presented either after or before the masking tone, known as backward and forward 
masking, respectively.  
Temporal resolution refers to the ability of a listener to perceive rapid changes in auditory 
signals (Conte et al., 2017). The threshold for temporal resolution is called the temporal 
auditory acuity (Green, 1971). Two common measures that examine temporal resolution 
are gap detection threshold (GDT) (Musiek et al, 2005) and amplitude modulation 
detection (Viemeister, 1979). Gap detection tests assess the shortest gap within a sound 
stimulus that the listener is able to detect. The experimental stimuli can be created from 
narrow-band noise, broadband noise or pure tones, but each one of them has their own 
advantages and disadvantages (Florentine & Buss, 1981; Glasberg, Moore, & Bacon, 
1987; Davis & McCroskey, 1980). Normative data for gap detection thresholds are 
approximately 2 to 20 milliseconds (McCroskey & Keith, 1996).  
An alternative method to examine temporal resolution is by administering the amplitude 
modulation detection test. The amplitude modulation test examines the listener’s 
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sensitivity to modulated noise by measuring the temporal modulation transfer function 
(TMTF). This test may be considered as a better measure of temporal processing since it 
modulates different amplitudes similar to the envelope fluctuation of speech stimuli, and 
may provide more information regarding temporal processing than gap detection 
thresholds (Strickland & Viemiester, 1997). In general, the TMTF is illustrated as a low-
pass characteristic in which higher modulation frequencies require larger modulation 
depths to be detected on modulations (Viemeister, 1979). The thresholds are measured in 
modulation depth from 0 to 1 (where 0 means no modulation and 1 means one full 
modulation) and they are converted to dB from the equation of 20*log10 (m). When 
listeners require a greater depth to discriminate between the noise stimuli, their thresholds 
become more elevated.  
2.2.1 Summary and Benefit of Amplitude Modulation test 
In summary, all of these findings strongly suggest that temporal processing is essential to 
process auditory information.  Since speech and sound have envelopes that fluctuate in 
the time domain, temporal processing plays a major role for speech recognition due to its 
sensitivity to time. Changes in temporal processing occur with age. In general, older 
listeners show decreased capability to process time varying speech stimuli compared to 
younger listeners. In addition, individuals with neurodevelopmental delays or auditory 
processing disorder often show poorer scores on temporal processing tests compared to 
normal hearing individuals. These findings may suggest that a temporal processing deficit 
can be the underlying reason for difficulty in understanding speech in different settings. 
Although a large variety of temporal processing measures are available, only tests that 
involve stimuli that fluctuate with time may be useful since speech stimuli contain 
envelope fluctuation and they are sensitive to time. Hence, it is beneficial to administer 
the amplitude modulation test that involves detecting changes in amplitude envelopes to 
examine how listeners perceive these time-varying stimuli. This measure may exist as an 
important link to understand how temporal processing deficit can affect speech 
recognition.  
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Chapter 3  
3 Amplitude modulation perception 
The temporal properties of speech can be divided into three major components such as 
temporal envelope, periodicity and temporal fine structure (Rosen, 1992). The temporal 
envelope fluctuates between 2- 50 Hz and provides segmental cues on manner of 
articulation, voicing and vowel identity. The periodicity cue fluctuates between 50-500 
Hz and contains segmental information on voicing and manner, as well as prosodic 
information on intonation and stress. The temporal fine structure cues are fast variations 
that oscillate between 600 to 10000 Hz and convey segmental information on place of 
articulation, vowel quality, voicing and manner. These temporal cues are known to help 
in understanding speech both in quiet and in the presence of background noise (Lorenzi, 
2008; Shannon, Zeng, Kamath, Wygonski, & Ekelid, 1995). 
3.1 Temporal Modulation Transfer Function (TMTF) 
The general approach used to study the processing of non-speech temporal envelope cues 
is to measure the auditory temporal modulation transfer function. This method determines 
the minimum depth of amplitude modulation (AM) that is required to discriminate 
modulated noise from unmodulated noise as a function of modulation frequency 
(Viemeister, 1979). Previous amplitude modulation detection studies found that the 
TMTF typically displays a low pass filter [better amplitude modulation detection 
thresholds at slower modulation frequencies (e.g 20 Hz) compared to faster modulation 
frequencies (e.g. 200 Hz)] (Peter et al., 2014).  
3.1.1 Amplitude modulation perception in typically developing 
children and adults 
A few studies have examined maturation of amplitude modulation detection and these 
studies have reported better thresholds at slower amplitude modulation compared to 
faster amplitude modulation (Banai, Sabin & Wright, 2011; Dawes & Bishop, 2008; Hall 
& Grose, 1994; Lorenzi et al 2000; Peter et al 2014).  However, there are some 
discrepancies between these studies with respect to maturation of amplitude modulation 
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detection. Hall and Grose (1994) showed that children 4-5 years of age and 6-7 years of 
age have poor amplitude modulation detection thresholds (5 – 200 Hz) compared to 
children 9-10 years of age and adults. There were no significant differences in amplitude 
modulation thresholds between 9-10-year-old children and adults. Peter and his 
colleagues (2014) reported that young children (8-11 years) are poor at discriminating 
very slow amplitude modulation frequency (4 Hz) compared to older children (12-17 
years) and adults. There were no maturational effects for the other modulation 
frequencies (8, 16, 32, 64 and 128 Hz). Contradicting these findings, a study reported that 
amplitude modulation detection at a faster rate (125 Hz) matured later compared to a 
slower modulation rate (8 Hz) in 6-11-year-old children (Moore, Cowan, Riley, 
Edmondson-Jones, & Ferguson, 2011). In a study by Lorenzi, Dumont, & Fullgrabe, 
(2000) it was reported that children with mean age of 11 year 6 months have adult like 
amplitude modulation detection thresholds (4 – 1024 Hz). However, the children’s age 
range were between 8 years 5 month to 14 years and 7 months and there were only 6 
children, hence it is difficult to determine when the adult level was attained.  In summary, 
young children are poor at detecting slow amplitude modulation (< 8 Hz) compared to 
older children and adults. These results indicate that peripheral mechanism to perceive 
temporal envelope is developed in young children. However, the central auditory system 
of young children is not efficient enough to extract the information on the underlying 
modulation detection. 
3.1.2 Amplitude Modulation perception in children with Auditory 
Processing Disorder and developmental delay 
The current literature suggests that approximately 5% of school-aged children possess 
listening difficulties in noisy environments with no evidence of hearing loss (Chermak & 
Musiek, 1997; Hind et al., 2011). These children are often referred to an audiologist to 
rule out an auditory processing disorder (APD). These children tend to show normal 
hearing thresholds but complain of understanding speech in the presence of background 
noise. The American Speech Language and Hearing Association (2005) defines APD as 
difficulty with auditory discrimination, sound localization, reduced auditory performance 
and auditory pattern recognition in the presence of background noise. For assessment, 
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ASHA (2005) typically recommend behavioural test batteries that include both speech 
and non-speech tests to examine auditory skills. In addition, ASHA also suggests that 
children with APD should display a deficit in the neural processing of auditory stimuli 
that is not related to higher order language or cognition. Children with APD are identified 
when their test scores are two standard deviations below their age-specific mean on two 
or more tests or three standard deviations below age-specific mean on one test.  
The ability to encode basic acoustic signal features is essential for higher level 
information processing. Children with listening difficulties are often reported to have 
difficulties in auditory discrimination of spectral and temporal features (Allen & Allan, 
2011; Ludwig et al., 2014). Specifically, temporal envelope cues are important for 
recognizing speech both in quiet and in noise (Lorenzi, 2008; Shannon et al., 1995). 
Children with language-learning disorders also show poor sensitivity to amplitude 
modulation cues indicating a temporal processing deficit (Lorenzi et al., 2000). However, 
there is a scarcity of studies on processing of amplitude modulation cues in children with 
APD.  
3.1.3 Purpose of the study 
This study examined the perception of temporal envelope via an amplitude modulation 
discrimination task. It was hypothesized that APD children may be poor at processing 
amplitude modulation cues. 
3.2 Methods 
3.2.1 Participants  
Twenty-eight children with APD, (age range: 5 -16 years, mean: 10.6 years, SD: ± 2.9 
years), twenty two typically developing children, (age range: 5-17 years, mean: 10.4 
years, SD: ± 3.0 years) and thirty normal hearing adults, (age range: 21-32 years, mean: 
25.5 years, SD: ± 3.1 years) were enrolled.  Children suspected of having APD were 
referred to our clinic for an auditory processing evaluation as they complained of 
difficulty hearing and poor academic performance. The auditory processing was 
evaluated according to the ASHA (2005) guidelines. The test battery included both 
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behavioural and objective tests. The behavioural tests included the Staggered Spondaic 
Word test (SSW) (Katz, 1962), the Pitch Pattern Sequence test (PPT) (Musiek, 1994), a 
test of Frequency Discrimination (FD) (Thompson, Cranford & Hoyer, 1999) and the 
Word in Noise test (WIN) (Wilson, Abrams, & Pillion, 2003). The objective tests 
included click-evoked auditory brainstem responses and ipsi and contralateral acoustic 
reflex thresholds at 500, 1000 and 2000 Hz. Test procedure and scoring are similar to that 
of Allen and Allan (2014). Children were identified as APD when their test results were 
two standard deviations below the age mean on two or more tests (ASHA, 2005). 
Typically developing children and their parents did not report any listening or academic 
concerns. Adult participants were undergraduate and graduate students at the Western 
University and did not report any academic or listening concerns, All participants 
underwent pure tone audiometry (≤ 20 dB HL [ANSI, 1996]), tympanometry and 
distortion product otoacoustic emission (DPOAE) testing in both ears to ensure their 
hearing was within normal limits. All children and 20 adults reported that English was 
their first language and 10 adults reported that English was not their first language. 
The Word-In-Noise (WIN) test was administered to all participants (right and left ears). 
The WIN test is a word recognition test designed to evaluate the ability of the listener to 
understand words in the presence of multi-talker babble.  This is an adaptive test in which 
the multi-talker babble background noise remains constant while the loudness of the 
speech is reduced from 24 dB SNR to 0 dB SNR by 4 dB decrements every five words. 
This test is presented at 80 dB SPL through ER 3A insert earphones monaurally. All 
participants were administered the WIN test except for six children with APD and one 
typically developing child who underwent the Bamford-Kowal-Bench Speech-in-Noise 
(BKB-SIN) test.  
This study was performed in the Child Hearing Research Laboratory of the NCA at the 
University of Western Ontario. All required consent forms for the child participants were 
received from the parents and guardians before the initiation of the evaluation.  
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3.2.2 Stimuli, Task and Procedure 
The noise stimuli were digitally generated in the Tucker Davis Technologies (TDT) 
System 3 RP2 real- time signal processor 2.1 and controlled by a Dell Dimension 8100 
desktop computer. Signal generation and presentation was controlled by the Dell 
Dimension computer. The noise carrier was centered at 700 Hz with a 1000 Hz 
bandwidth. The duration of the signal and masker was 575 ms with an inter-stimulus 
interval of 400 ms. Stimuli were presented monaurally at 65 dB SPL to the right ear 
through the Etymotic ER-2 insert earphones. Responses were recorded on an Elo Touch 
system 15’ CRT Touch monitor Model 1525C located inside the sound isolation booth.  
A two-down-one-up three alternative force choice adaptive procedure (Levitt, 1971) was 
used due to its lower cognitive load (Moore, 2006). Participants were instructed during 
each trial, three graphic images appeared on the screen and each graphic changed in 
animation to indicate signal presentation. The target signal can appear in one of the three 
intervals with equal a priori probability. In order to maintain participant’s interest, 
listeners were allowed to choose the graphics from those available in the graphic library 
(sharks, dragons, balloons, daisies, clouds or clowns).  Modulation depth (m) was 
adjusted between 0 to 1, where 0 represents 0% modulation and 1 signifies 100% 
modulation depth. The amplitude modulation frequency was held constant, while the 
modulation depth, m was adaptively adjusted. The amplitude modulation discrimination 
was carried out at 20, 32, 100, and 200 Hz for adults and 20 and 200 Hz for typically 
developing children and children with APD.  The initial modulation depth (m) was 0.75 
and decreased to 0.50 after the first two reversal points and decreased further to 0.25 after 
the first four reversal points. The last four reversal tracks were used to estimate threshold 
estimate. The average thresholds, m, were converted to dB using 20* log (m). Each 
participant completed a minimum of two blocks and the average of two blocks was used 
as thresholds. All participants were given enough breaks during the testing to ensure 
fatigue or inattention would not affect test performance. 
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3.3 Results 
3.3.1 Hearing thresholds and Oto-acoustic emissions 
An RMANOVA was carried out on hearing threshold with frequency (0.25, 0.5, 1, 2 ,4 
and 8 kHz) as a within subject factor and subject group (APD children, typically 
developing children and adults) as a between subject factor. There were no significant 
differences in hearing thresholds between groups [ F (2, 76) = 0.835, p = 0.438] and there 
was no significant interaction between group and frequency [ F (7.918, 300.887) = 1.261, 
p = 0.264]. There were significant differences in hearing thresholds between frequencies [ 
F (3.959, 300.887) = 19.697, p < 0.001]. Similarly, an RMANOVA was performed on 
DPOAE with test frequency (0.75, 1, 1.5, 2, 3, 4, 5 and 6 kHz) as a within subjects factor 
and group (APD children, typically developing children and adults) as a between subjects 
factor. There were no significant differences in DPOAE amplitude between groups [ F (2, 
77) = 1.151, p = 0.360] and there was no significant interaction between groups and test 
frequencies [ F (8.825, 339.769) = 1.103, p = 0.352]. There were significant differences 
in DPOAE amplitude at different test frequencies [ F (4.413, 339.769) = 21.768, p < 
0.001].  
3.3.2 Amplitude modulation thresholds (Adults) 
 
 
 
 
 
 
 
Figure 3.1: Individual (grey circles) and mean amplitude modulation thresholds (20, 32, 
100 and 200 Hz) for adults. 
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 Figure 3.1 shows adults thresholds, in dB, as a function of modulation frequency (20, 32, 
100, and 200 Hz). Adult participants showed better thresholds at the slower modulation 
frequency (20 Hz) compared to the faster modulation frequency (200 Hz). An 
RMANOVA was carried out on modulation thresholds at different frequencies (20, 32, 
100 and 200 Hz). There were significant differences in thresholds at different amplitude 
modulation frequencies [F (3, 87) = 45.87, p < 0.001]. A Bonferroni-corrected Post-Hoc 
analysis showed that the mean threshold at 20 Hz were significantly better compared to 
32 Hz [ t (29) = -1.60, p = 0.009], 100 Hz [ t (29) = -1.24, p = 0.038] and 200 Hz [ t (29) 
= -4.64, p < 0.001]. Similarly, thresholds at 32 Hz was significantly better than 200 Hz [ t 
(29) = -3.04, p < 0.001]. Thresholds at 100 Hz were significantly better compared to 200 
Hz [ t (29) = -3.40, p < 0.001]. In contrast, there were no significant differences in 
thresholds between 32 Hz and 100 Hz [ t (29) = 0.364, p > 0.05]. As reported in the 
literatures (Hall & Grose, 1992; Lorenzi et al., 2000; Peter et al., 2014), amplitude 
modulation thresholds for adults from the present study showed a clear low-pass 
characteristic i.e. better thresholds at the slower modulation frequency (20 Hz) and poor 
thresholds at the faster modulation frequency (200 Hz). Children were only tested with 
two frequencies (20 and 200 Hz) to avoid fatigue and inattentiveness.  
  
Figure 3.2: Amplitude modulation threshold at 20 and 200 Hz as a function of age in 
years for children with APD (red filled triangle), typically developing children (black 
filled circle) and normal hearing adults (unfilled black circle), respectively.  
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Figure 3.2 shows individual amplitude modulation thresholds (in dB) at 20 and 200 Hz 
for children with APD, typically developing children and adults. The effect of age on 
modulation thresholds at 20 Hz and 200 Hz was assessed by the Pearson’s Coefficient 
correlation between all groups. None of the groups showed significant association 
between age and amplitude modulation detection thresholds. Children with APD: 20 Hz [ 
r (28) = 0.18, p = 0.35] and 200 Hz [ r (28) = -0.256, p = 0.19]; typically developing 
children: 20 Hz [ r (22) = -0.28, p = 0.21] and 200 Hz [ r (22) = 0.387, p = 0.08]; Adults: 
20 Hz [ r (30) = -0.17, p = 0.36] and 200 Hz [ r (30) = 0.14, p = 0.47]. A repeated 
measure analysis of variance (RMANOVA) was carried out with modulation frequency 
(20 and 200 Hz) as a within subjects factor and group (children with APD, typically 
developing children and adults) as a between subjects factor. All three groups showed 
better thresholds at 20 compared to 200 Hz [ F (1, 77) = 143.414, p < 0.001]. There were 
significant differences in modulation thresholds between groups [ F (2, 77) = 16.511, p < 
0.001]. A Bonferroni-corrected Post-Hoc analysis showed that mean thresholds at 20 and 
200 Hz for children with APD were significantly poorer compared to typically 
developing children [ t (79) = 3.50, p = 0.002] and adults [ t (79) = 5.68, p < 0.001]. 
However, there were no significant differences in thresholds between typically 
developing children and adults [ t (79) = -1.76, p = 0.246]. There was also no significant 
interaction between groups and modulation frequencies [ F (2, 77) = 2.393, p = 0.098].  
3.3.3 WIN scores 
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Figure 3.3: Individual (unfilled grey circles) and mean WIN scores (right and left ears) 
for children with APD (red filled triangle), typically developing children (black filled 
circle) and adults (unfilled black circle).  
Figure 3.3 shows the WIN scores for individual participants between right and left ear. 
The WIN scores of all children (children with APD and typically developing children) 
and twenty adults with English as first language were included in the analysis. A repeated 
measure analysis of variance (RMANOVA) was carried out with Word in Noise score 
(right and left ear) as a within subject factor and group (children with APD, typically 
developing children and adults) as a between subject factor. There were significant 
differences in scores between groups [ F (2, 69) = 17.880, p < 0.001], but there was no 
significant interaction between WIN scores and groups [F (2, 69) = 1.568, p = 0.216]. A 
Bonferroni-corrected Post-hoc analysis showed that the WIN scores of children with 
APD were significantly poorer compared to typically developing children [t (69) = -2.95, 
p = 0.006] and adults [t (69) = -5.25, p < 0.001]. Typically developing children showed 
significantly poorer WIN scores compared to adults [t (69) = 2.29, p = 0.03].  There were 
no significant differences in WIN scores between ears [F (1, 69) = 1.714, p = 0.195].  
3.3.4 Correlation between age and WIN scores  
 
 
 
 
 
 
Figure 3.4: Correlation between age and WIN scores for children with APD (red filled 
triangles) and typically developing children (black filled circle). X-axis denotes the age in 
years and y-axis represents the WIN scores. 
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Figure 3.4 illustrates the correlation of age and WIN scores (right and left ears) for 
children with APD and typically developing children. The correlation between age and 
WIN scores were examined using the Pearson correlation coefficient. Typically 
developing children showed a significant correlation between age and WIN score [ r (42) 
= -0.488, p = 0.001]. In contrast, children with APD reported an insignificant correlation 
between age and WIN scores [ r (44) = – 0.0007, p = 0.10]. 
3.3.5 Correlation between WIN scores and AM thresholds 
 
Figure 3.5: Plot of correlation between modulation threshold at 20 and 200 Hz and WIN 
scores (right ear), respectively. Children with APD (red filled triangle), typically 
developing children (black filled circle) and adults (unfilled black circle) are shown.  
Figure 3.5 shows amplitude modulation thresholds at 20 and 200 Hz as a function of 
WIN scores (only right ear). The association between amplitude modulation thresholds 
and WIN scores was examined using the Pearson correlation coefficient. Children with 
APD showed no significant association between amplitude modulation thresholds and 
WIN scores at 20 Hz [ r (22) = -0.312, p = 0.157] and 200 Hz [ r (22) = -0.259, p = 
0.245]. Typically developing children did not show any association between amplitude 
modulation thresholds and WIN scores at 20 Hz [ r (21) = -0.131, p = 0.57] and 200 Hz [ 
r (21) = 0.014, p = 0.955]. Adults showed a significant association between 200 Hz and 
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WIN score [ r (20) = -0.517, p = 0.02] but there was no significant association between 
20 Hz and WIN scores [ r (20) = -0.151, p = 0. 525]. 
3.4 Discussion 
The perception of amplitude modulation was studied in children with APD, typically 
developing children and adults. There were no significant differences in hearing 
thresholds and oto-acoustic emissions between groups indicating normal peripheral 
function in all listeners.  
For all three groups, modulation thresholds were significantly better at 20 Hz compared 
to 200 Hz. This result is similar to previous findings (Moore, 2008; Fullgrabe, Harland, 
Sek & Moore, 2017) which suggest that the nature of the human auditory system 
possesses an upper frequency limit in which neural synchrony (phase locking) becomes 
inefficient (Verschooten & Joris, 2014). Although the exact frequency limit is still 
unknown, the nature of our auditory system does not allow amplitude modulation to be 
processed efficiently at higher frequency rates. Hence, it is reasonable to suggest that 
thresholds at 20 Hz is significantly better since phase locking to individual cycles of 
amplitude modulation is possible without losing any vital information. However, at a 
faster modulation frequency (i.e. 200 Hz), there are more individual cycles which leads to 
incompetent neural synchrony. As a result, the ability to process auditory information 
becomes more challenging which results in poorer threshold (Wijk, Beek, & 
Daffertshofer, 2012) 
It has been suggested that sensitivity to slow amplitude modulation (< 8 Hz) may take up 
to 9-10 years of age to mature compared to amplitude modulation frequency greater than 
8 Hz (Banai, Sabin, & Wright, 2011; Hall & Grose, 1994; Peter et al., 2014). Several 
researchers have speculated that this argues for different maturational trajectories in the 
auditory system in response to different acoustic stimuli (Keller & Cowan, 1994; Gomes, 
Ritter, Tartter, Vaughan, & Rosen, 1997). Furthermore, other studies have reported that 
the human auditory cortex continues to develop into teenage years (Sussman, 
Steinschneider, Gumenyuk, Grushko, & Lawson, 2008; Moore & Linthicum, 2007).  In 
the current study, there were no significant differences in amplitude modulation 
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thresholds (20 and 200 Hz) between typically developing children and adults. Both 
groups did not show significant association between age and amplitude modulation 
thresholds. It can be inferred from the present study results that the 20 Hz and 200 Hz 
amplitude modulation thresholds are mature in children aged between 5 – 17 years. It is 
difficult to compare findings from the present to the literature due to differences in the 
stimuli and amplitude modulation frequency.  
Similar to adults and typically developing children, APD children showed better 
thresholds at 20 Hz compared to 200 Hz. Amplitude modulation thresholds at 20 and 200 
Hz for children with APD were significantly poor compared to typically developing 
children. Despite the poor sensitivity in children with APD, the shape (better thresholds 
at 20 Hz compared to 200 Hz) was similar among three groups. These results may 
indicate that mechanism that encodes temporal envelope is developed in children with 
APD. However, the central auditory system of APD children is not efficient enough to 
process the encoded information. 
Previous studies have reported a deficit in non-speech auditory discrimination in APD 
children. Allan (2011) examined level, spectral and temporal encoding in children who 
were referred for auditory processing. Both non-APD (clinically referred children who 
did not qualify for APD diagnosis) and APD children showed a deficit in processing 
spectral and temporal cues but the processing of level was similar among groups. 
Similarly, Ludwig et al (2014) reported that both non-APD and APD children showed a 
deficit in spectral, temporal and binaural processing of acoustic stimuli. But the level 
coding was not affected in these children. Since this current study also examines temporal 
processing similar to previous studies (Allan, 2011; Ludwig et al., 2014) mentioned 
above, the finding of significantly poorer thresholds in children with APD can be 
explained by a possible deficit in their temporal processing. The ability to accurately and 
efficiently process temporal cues is crucial in order to learn new information and provide 
necessary information for higher level processing. When these children with APD 
demonstrates difficulty with extracting temporal cues, there will be increased challenges 
in understanding speech in classroom settings and noisy environment. The combination 
of elevated noise levels degrading listening conditions, and the need to learn new and 
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unfamiliar information, may pose a very difficult environment for children with APD. 
Furthermore, their ability to follow conversations and instructions may also be 
compromised, leading to confusion and misinformation. As a result, a large number of 
children with APD often have poorer academic performance. In combination, we may 
suggest that children with APD demonstrated poor ability to extract temporal envelope 
cues which could be a contributing reason for poor speech recognition in noisy 
environment.  
Literature on the development of speech perception in noise suggests that children’s 
speech recognition in speech-shaped noise matures earlier (~ 10 years of age) compared 
to speech recognition in presence of multi-talker babble (> 14 years of age) (Corbin, 
Bonino, Buss, & Leibold, 2016; Leibold, 2017). The prolonged maturation of recognizing 
speech in presence of multi-talker babble is thought to be due to an immature glimpsing 
ability in children (Leibold, 2017). In the present study, the WIN test required the listener 
to repeat a word in presence of the background multi-talker babble. The WIN scores of 
typically developing children were significantly poorer when compared to adults. 
Typically developing children showed significant association between age and WIN 
scores. These results indicate that the ability of typically developing children to recognize 
speech in multi-talker babble is still immature. In contrast, children with auditory 
processing disorder did not show significant improvement in WIN scores as a function of 
age. As a group, WIN scores of APD children were significantly poor compared to 
typically developing children and adults. These results provide evidence of a speech in 
noise deficit in APD children and may explain some of their listening complaints. 
Pearson’s Coefficient correlation were calculated between amplitude modulation 
thresholds at 20 and 200 Hz and WIN scores. Both typically developing children and 
APD children did not show significant association between these two variables. Adults 
did not show significant association between 20 Hz and WIN scores. But there was 
significant association between 200 Hz and WIN scores. For the children with APD, 
insignificant correlations were observed between modulation thresholds at 20 and 200 Hz 
and WIN scores. This finding may suggest an inability of the children with APD to 
encode temporal speech information in noise both at slower and faster modulation rates 
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(Muchnik et al., 2004). Cacace & McFarland (1996) have identified that children with 
APD have increased challenges in understanding speech in less than optimal 
environments. Similarly, children with dyslexia have also been found to have poor 
modulation thresholds and speech recognition scores (Rocheron, Lorenzi, Füllgrabe, & 
Dumont, 2002).  
Since the ability to extract temporal envelope is an important part of speech recognition, 
it is important to understand how these acoustic stimuli are processed. Children with 
APD struggle to listen efficiently in less than optimal situations. This challenge often 
hinders their performance in school and results in academic failure. However, there is a 
lack of agreement for the appropriate criteria for APD identification since the difficulties 
faced by these individuals are also seen in other neurodevelopmental disorders (Wit et al., 
2018). The etiology of this disorder is still uncertain, but many researchers have predicted 
it could be due to ear infections and premature births (Borges, Paschoal, & Colella-
Santos, 2013; Gallo, Diaz, & Pereira, 2011). There is a large selection of test batteries 
available, but no specific tests are recognized as universal for APD identification. Under 
these circumstances, no valid approach has been established and many studies still 
attempt to find its identity (Wit et al., 2018; Dawes & Bishop, 2010; Ferguson, Hall, 
Riley, & Moore, 2011). However, we believe using non-speech-based test is ideal since 
listeners can come from a diversified background and it can avoid the possibility of 
language as a potential factor to influence the overall thresholds (Dawes, 2008). 
3.5 Conclusion 
Amplitude modulation detection for children with APD, typically developing children 
and adults was studied. The results indicate that thresholds at slower modulation rates 
(i.e. 20 Hz) are better compared to faster modulation rates (i.e. 200 Hz) among all three 
groups which reflects the nature of the auditory system. Children with APD were showed 
poorer modulation thresholds at both 20 and 200 Hz compared to typically developing 
children and adults. This demonstrates the possibility of poor temporal processing ability 
could contribute to their poor auditory performance in the presence of noise. However, no 
significant differences were observed between typically developing children and adults. 
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The WIN test showed that the typically developing children have immature ability to 
recognize speech in multi-talker babble.  The WIN test results showed direct evidence of 
speech recognition in noise deficit in APD children.  
This study has demonstrated that it may be advantageous to add this non-speech based 
test as an additional measure to examine temporal processing deficits. In combination, 
this psychoacoustic test can be included as part of the auditory processing evaluation to 
examine temporal processing abilities. In general, psychoacoustic tests are administered 
using expensive research grade equipment by researchers who possess advanced 
programming skills. Since these tests are typically conducted at a laboratory setting, 
clinicians may not have many opportunities to administer these tests in clinics. Aside 
from the lack of accessibility to this equipment, an alternative explanation could be due 
to the expensive cost of this testing system.  It can be considered as an impractical 
purchase for the purpose of one psychoacoustic measure when other commercial test 
batteries are readily available. Hence, researchers at Western University have 
collaborated with Clearwater Clinical and SHOEBOX Audiometry to implement an 
affordable and portable device with psychoacoustic measures that can be tested outside of 
sound booths. While this project is currently under development, we believe this potential 
device can be considered as a low cost alternative for clinicians. In addition, more 
psychoacoustic tests (i.e. Temporal Modulation Transfer Function, Frequency 
Modulation, Gap Detection Threshold and Binaural Masking Level Difference) can be 
implemented onto this portable device in which clinicians can easily administer multiple 
tests in one session.  
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Chapter 4  
4  Psychometric Function  
Psychophysical experiments are designed to measure the ability of the listener to 
discriminate changes to a physical stimulus (Shen, 2013). In general, as the magnitude of 
the change increases, the probability of detecting the change will increase as well. 
Psychometric functions can be used to describe the listeners’ sensitivity to stimulus 
characteristics. A psychometric function is a sigmodal function that can describe 
perceptual accuracy, giving a measure of threshold and slope (Shen, 2013). The threshold 
is estimated at a certain percent correct performance on the fitted psychometric function. 
The slope parameter of the psychometric function describes the rate of the change in 
performance as the signal is changed. A large value in slope indicates a shallower 
function with a quick rise to 100 % correct detection as the signal value is increased. In 
contrast, a small value in slope represents a gradual increase to reach 100% correct 
detection as the signal difference is increased (Allen & Wightman, 1994).  
In general, a psychometric function can provide information in regards to the detection 
process. It describes the relationship between the correct percent of detection to the signal 
level in a detection task (Dai, 1995). Overall, the psychometric function shows the shape 
of a sigmoidal function and it can be fitted by a variety of functions (Weibull, Logistic, 
Gaussian and Gumbel) (Zychaluk & Foster, 2010) depending on the number of signal 
levels and data trials (Wichmann & Hill, 2001). In most forced choice tasks, the threshold 
is often taken at the signal level predicted to produce 70.7% correct performance (Leek, 
2001). A larger signal level required to reach a 70.7% correct detection equates to a 
poorer performance.  
Green & Swets (1966) have identified that the slopes in auditory detection tasks for the 
adults remain relatively similar, with small variability. However, thresholds change 
rapidly with decreasing age. As suggested by Allen and Wightman (1994), the low 
variability of thresholds in adults can allow a single point on the psychometric function to 
describe the threshold estimate. However, the entire psychometric function must be used 
to explain children’s detection due to shallower slopes and greater variability between 
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subjects. The larger variability in thresholds from children can be due to non-auditory 
factors such as inattention, fatigue or differences in developmental rates (Peter, Narne, 
Sharma, Purdy, & Mcmahon, 2014). A few studies have speculated that it can be due to 
the child’s inability to switch among sensory cues, reduced listening efficiency and 
inattentiveness to relevant cues (Allen, Wightman, Kistler, & Dolan, 1989; Hall & Grose, 
1994; Sutcliffe & Bishop, 2005). As a result, it is impossible to use children’s grouped 
data to accurately represent their individual performance. Of the few studies that have 
reported psychometric functions in children, reports are sometimes conflicting. For 
example, Olsho et al. (1988) concluded that the psychometric functions in typically 
developing children are significantly shallower with poorer thresholds compared to 
adults. However, Trehub et al. (1986) have shown psychometric functions and slopes of 
children that are similar to adults.  
4.1 Adaptive and Non-Adaptive procedures 
A non-adaptive descending-ascending procedure can be used to estimate an underlying 
psychometric function. The descending-ascending procedure begins with a large 
difference between the target and the standard signal to ensure listeners are able to 
recognize the target signal. Typically, multiple runs are required since many trials are 
needed for this procedure. Several pre-determined signal levels (e.g. modulation depths) 
that do not depend on the previous trial are chosen for each track (Simpson, 1989). In 
order to set the predetermined modulation depths, a preliminary study is necessary to 
choose the appropriate modulation depths to test. Each modulation depth is presented an 
x number of times and the proportion of responses to the number of presentations is 
obtained for each depth. One advantage of using the non-adaptive procedure is that the 
number of trials are pre-set to ensure uniform placement of the modulation depths to 
decrease the chance of bias and variability in threshold estimate. It also provides 
information on a listener’s response to a wide range of stimuli.  
In an adaptive procedure (i.e. staircase) the signal strength on each trial is determined by 
the response from the previous trial (Shen, 2013). For example, the signal strength (e.g. 
modulation depth) will decrease following a correct response or increase after an 
incorrect response. It requires a small amount of trials to rapidly converge on a targeted 
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value to estimate the threshold. While less energy and time is needed, the adaptive 
method sacrifices the possibility of losing information presented outside the range of 
modulation depths and results in psychometric functions that are stable in both slopes and 
thresholds over successive trials.  
4.1.1 Need for the study 
Compared to adults, there are insufficient studies that have examined the amplitude 
modulation detection process in children using psychometric functions as the dependent 
variable. In addition, there is no published data of psychometric functions on children 
with APD. Given this gap in knowledge, it is of interest to examine the psychometric 
functions between children with APD, typically developing children and adults. Since 
chapter 3 has shown significantly poorer AM thresholds for children with APD compared 
to typically developing children and adults, it was hypothesized that the psychometric 
function will reveal a poor modulation detection in children with APD. We predicted that 
children with APD will have a shallower slope compared to typically developing children 
and adults.  
4.2 Methods 
4.2.1 Participants 
In this study, ten children with APD (age range: 7-16 years, mean: 10.2 years, standard 
deviation: ± 2.7 years), ten typically developing children, (age range: 5-17 years, mean: 
10.4 years, standard deviation: ± 3.0 years) and ten normal hearing adults, (age range: 21-
32 years, mean: 25.5 years, standard deviation: ± 3.1 years) were enrolled. All typically 
developing children and adults had previously participated in study 1 and had reported no 
difficulty or changes in listening abilities since the first study (approximately 3 months). 
Pure tone audiometry and tympanometry were repeated to ensure their hearing remained 
within normal limits. This study was performed in the Child Hearing Research Laboratory 
of the NCA at the University of Western Ontario. All required consents were obtained 
before the initiation of the evaluation.  
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4.2.2 Stimuli, Task and Procedure 
The noise stimuli were digitally generated in the Tucker Davis Technologies (TDT) 
System 3 RP2 real- time signal processor 2.1 and controlled by a Dell Dimension 8100 
desktop computer. Signal generation and stimuli presentation was controlled by the Dell 
Dimension computer. The noise carrier was centered at 700 Hz with a 1000 Hz 
bandwidth. The duration of the signal was 575 ms with an inter-stimulus interval of 400 
ms. Stimuli were presented monaurally at 65 dB SPL to the right ear through an Etymotic 
ER-2 insert earphone. The amplitude modulation thresholds were obtained at 20 and 200 
Hz modulation frequencies. The signal presentation and the recording of the responses 
were delivered on an Elo Touch system 15’ CRT Touch monitor Model 1525C located 
inside the sound isolation booth.  Testing was carried out in the sound booth and listeners 
were given sufficient breaks during the testing.   
Psychometric functions were obtained at 20 and 200 Hz. To create the psychometric 
function at 20 Hz, six modulation depths (0, 0.03, 0.06, 0.09, 0.12 and 0.15) were used to 
cover the range of the function. In contrast, seven modulation depths (0, 0.067, 0.13, 0.2, 
0.27, 0.33 and 0.40) were used at 200 Hz to cover the range of the function.  At 20 Hz, 
16, 14, 14, 14, 14 and 8 times were presented at modulation depths of 0, 0.03, 0.06, 0.09, 
0.12 and 0.15, respectively. At 200 Hz, 14, 12, 12, 12, 12, 12 and 8 times were presented 
at modulation depths of 0, 0.067, 0.13, 0.20, 0.27, 0.33 and 0.40, respectively. These 
predetermined modulation depths were created based on yielding the mean modulation 
thresholds from a 70.7% correct detection in study 1. For each modulation frequency (20 
and 200 Hz), an up-down pattern with 8 runs were continued for a total of 40 trials. 
Listeners completed two blocks of 40 trials, and they were averaged to measure the 
percent correct at a particular modulation depth. A three-alternative forced choice non-
adaptive procedure (Levitt, 1971) was used and listeners were instructed that each trial 
will contain three graphic images on the touchscreen monitor and their task was to listen 
attentively and select the image that sounds different. The test always began with 20 Hz 
modulation since it is easier to detect compared to faster modulation frequency (200 Hz). 
At the beginning of the test at 20 Hz, a 0.15 modulation depth was used and at 200 Hz, 
the initial modulation depth is at 0.40. During each trial, three graphic images appeared 
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on the screen and each graphic changed in animation to indicate signal presentation. Two 
noise stimuli (standard signals) were identical while only one of them sounded different 
(target signal). The target signal appeared in one of the three intervals with equal a priori 
probability. In order to maintain the participant’s interest, a variety of graphics were 
available in the graphic library (i.e. sharks, dragons, balloons, daisies, clouds and 
clowns). All participants were given enough breaks during the testing to ensure fatigue or 
inattention would be minimized.  
A logistic function was used to fit the psychometric functions since it provided the best 
fit compared to other functions (i.e. cumulative, Weibull and r-gumbel) which gave 
skewed data. In addition, Allen and Wightman (1994) have used the logistic function for 
children’s data in psychoacoustic tasks and it was best fitted to the data. The logistic 
function was fitted by relating the percent correct detections to the modulation depths 
(the psychometric function) through the MATLAB toolbox called psignifit:  
𝐹(𝑥, α, β) =
1
3
+ (
2
3
− 𝑙𝑎𝑚𝑏𝑑𝑎) ∗ (
1
1 + exp⁡(
α − x
β )
) 
The function parameters include α which can be interpreted as the m value at which the 
fit is ½ way between the upper and lower asymptotes and β as a scaling factor that is 
inversely related to the slope of the psychometric function.   
The Chi-square goodness of fit test, X 2 was used to evaluate how well the fitted functions 
were compared to the observed data: 
𝑋2⁡ =∑
(𝑜 − 𝑒)2
𝑒
 
A 0.01 level of significance was used to evaluate the goodness of fit test to maximize the 
possibility of rejecting the null hypothesis and examine whether there could be the 
possibility of poor fits.  
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4.3 Results 
4.3.1 Group differences 
 
 
 
 
 
 
 
 
Figure 4.1: Each panel shows psychometric functions for 20 Hz amplitude modulation 
detection of children with APD, typically developing children and adults, respectively. 
Thin grey lines represent best logistic fit to the individual data.  
 
 
 
 
 
 
Figure 4.2: Each panel shows psychometric functions for 200 Hz amplitude modulation 
detection of children with APD, typically developing children and adults, respectively. 
Thin grey lines represent best logistic fit to the individual data. 
Figures 4.1 and 4.2 illustrate the psychometric functions fitted to the data at 20 and 200 
Hz for children with APD, typically developing children and adults. The light grey lines 
represent the individual data to the best logistic fit. An RMANOVA was carried out on 
Modulation Depth (m) 
Children with APD Typically Developing Children Adults 
Children with APD Typically Developing Children Adults 
Modulation Depth (m) 
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the psychometric functions with amplitude modulation frequency (20 and 200 Hz) as 
within subject factors and subject group (children with APD, typically developing 
children and adults) as between subject factors. There were significant differences in 
thresholds between groups [F (2, 27) = 6.234, p < 0.006], but there was no significant 
interaction between amplitude modulation frequencies and groups [F (2, 27) = 1.994, p = 
0.156]. A Bonferroni post-hoc analysis showed that the mean thresholds at 20 and 200 Hz 
for children with APD were significantly poorer compared to typically developing 
children [t (29) = 2.65, p = 0.03] and adults [t (29) = -3.24, p = 0.008]. However, there 
were no significant differences in thresholds between typically developing children and 
adults [t (29) = -0.59, p = 0.06]. 
4.3.2 Threshold estimates between psychometric fits at 70.7% and 
adaptive procedure at 70.7% correct 
 
 
 
 
 
 
 
Figure 4.3: Threshold estimates based on psychometric functions at 70.7 % correct 
detection plotted as a function of thresholds estimated in the adaptive procedure at 70.7% 
correct at 20 and 200 Hz for children with APD (red filled triangles) and normal group 
(typically developing children and adults) (black filled squares), respectively.  
Since the amplitude modulation test from study 1 was conducted using an adaptive 
procedure, it is important to observe whether there is any consistency in performance 
between the adaptive and non-adaptive procedures at 20 and 200 Hz. The comparison 
between both procedures is made by comparing the detection threshold at 70.7% percent 
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correct fitted on the psychometric functions and 70.7% thresholds from the adaptive 
tracking. Figure 4.3 illustrates the thresholds calculated from the psychometric fit at 
70.7% and the estimated threshold at 70.7% from the adaptive procedure for children 
with APD, typically developing children and adults at 20 and 200 Hz, respectively. The 
correlation between thresholds from the psychometric fits and thresholds from the 
adaptive procedure were examined using the Pearson correlation coefficient. Since 
typically developing children and adults had similar thresholds, they were combined into 
the normal group for the correlation analysis. The normal group (typically developing 
children and adults) thresholds obtained through adaptive and non-adaptive procedure 
showed a significant association between 20 [r (20) = 0.55, p = 0.012] and 200 Hz [ r (20) 
= 0.60, p = 0.006]. In contrast, APD children’s thresholds obtained through adaptive and 
non-adaptive procedure did not show significant association at 20 Hz [r (10) = 0.24, p = 
0.36] and 200 Hz [ r (10) = 0.16, p = 0.65]. We observed two outliers at 20 and 200 Hz in 
the adaptive procedure. Specifically, these two children had significantly poorer 
thresholds in both the adaptive and non-adaptive procedures. The same two outliers had 
shown poor performances at both 20 and 200 Hz. We believe extreme outliers may 
influence the correlation values. However, with or without excluding the two outliers, 
insignificant correlation between the procedures still remained at 20 Hz and 200 Hz for 
children with APD.  
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4.3.3 Thresholds for adaptive and non-adaptive procedures at 20 
and 200 Hz 
 
 
 
Figure 4.4: Individual (unfilled grey circles) and average amplitude modulation 
thresholds (AD: Adaptive, NA: Non-adaptive) at 20 and 200 Hz for children with APD 
(red filled triangle), typically developing children (black filled circle) and adults (unfilled 
black circle), respectively.  
Figure 4.4 shows the individual and average thresholds of the adaptive and non-adaptive 
procedures for children with APD, typically developing children and adults at 20 and 200 
Hz, respectively.  An RMANOVA was carried out at 20 Hz with procedures (adaptive 
and non-adaptive) as within subject factor and groups (children with APD, typically 
developing children and adults) as between subject factor. There are significant 
differences between groups [F (2, 27) = 8.458, p = 0.001]. A Bonferroni post-hoc 
analysis showed that thresholds for children with APD were significantly poorer in both 
procedures compared to adults [ t (29) = -4.00, p = 0.001] and typically developing 
children [t (29) = 2.72, p = 0.03]. However, there were no significant differences in 
threshold between typically developing children and adults [ t (29) = 1.22, p = 0.670].  
There was also no significant interaction between groups and procedures [ F (2, 27) = 
0.035, p = 0.966]. 
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Similarly, an RMANOVA was carried out at 200 Hz with procedures (adaptive and non-
adaptive) as within subject factor and groups (children with APD, typically developing 
children and adults) as between subject factor.  There are significant differences between 
groups [F (2, 27) = 5.338, p = 0.011]. A Bonferroni post-hoc analysis showed that 
thresholds for children with APD were significantly poorer in both procedures compared 
to typically developing children [ t (29) = 2.60, p = 0.043] and adults [ t (29) = 2.96, p = 
0.017]. However, there were no significant differences in threshold between typically 
developing children and adults [ t (29) = 0.37, p = 0.065]. There was also no significant 
interaction between groups and procedures [F (2, 27) = 0.46, p = 0.63]. 
4.3.4 Slopes at 20 and 200 Hz 
Figure 4.5: Individual (unfilled grey circles) and average psychometric function slopes 
for amplitude modulation detection at 20 and 200 Hz for children with APD (red filled 
triangle), typically developing children (black filled circle) and adults (unfilled black 
circle), respectively. 
Figure 4.5 illustrate the slopes at 20 and 200 Hz for children with APD, typically 
developing children and adults, respectively. A repeated measure analysis of variance 
(RMANOVA) was carried out with slopes (20 and 200 Hz) as within subject factor and 
groups (children with APD, typically developing children and adults) as between subject 
factors. All groups showed steeper slopes at 20 Hz compared to 200 Hz [F (1, 27) = 
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53.998, p = 0.001]. There were significant differences in slopes between groups [F (2, 27) 
= 7.628, p = 0.002]. A Bonferroni post-hoc analysis showed that the slopes at 20 and 200 
Hz for children with APD were significantly shallower compared to typically developing 
children [t (29) = -2.55, p = 0.043] and adults [ t (29) = 3.94, p = 0.001]. However, there 
were no significant differences in thresholds between typically developing children and 
adults [ t (29) = -1.40, p = 0.356]. There was also no significant interaction between 
groups and modulation frequencies [F (2, 27) = 2.256, p = 0.124].  
4.4 Discussion 
In the present study, a non-adaptive three-alternative forced choice procedure was used to 
determine amplitude modulation thresholds and slopes of psychometric functions. 
Psychometric functions were fitted with a logistic function to the individual and group 
data.  
 
The data demonstrated that for all three groups, the slopes derived from the psychometric 
functions were steeper at 20 Hz compared to 200 Hz. This finding is in contrast to Eddins 
(1993). One of the possible reason for shallower slope at higher modulation frequency 
can be due to an upper frequency limit in our auditory system that leads to asynchronous 
phase locking at higher frequencies (Verschooten & Joris, 2014). It may imply that 
asynchronous phase locking forces listeners to require a much larger change in 
modulation depth in order to detect at 70.7% correct. As a result, we would observe a 
shallower slope at the higher frequency (i.e. 200 Hz) compared to lower modulation 
frequency (i.e. 20 Hz). An alternative explanation can be due to response bias. Response 
bias occurs when listeners frequently favor one of the responses when they are uncertain 
about the answer (Morgan, Dillenburgerm, Raphael, & Solomon, 2011). Since the task 
always begins with 20 Hz and then 200 Hz, it is possible that listeners may have adapted 
to the signals at 20 Hz and when they are required to perform at 200 Hz, listeners are 
unable to change their listening strategy immediately to detect the target signal at 200 Hz 
(Rosenthal & Rubin, 1980).   
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Pearson correlation coefficient was calculated between the correct threshold detection at 
70.7% on the fitted psychometric functions and 70.7% thresholds estimated in the 
adaptive tracking. Both typically developing children and adults showed significant 
association between these two procedures. As suggested by Buss et al. (2009), high 
correlation between both procedures reflect the ability of the listener’s performance to be 
modeled from a single, stable function. For children with APD, insignificant correlation 
was observed between both procedures even when two outliers were excluded from the 
data. As mentioned earlier, non-adaptive procedures contain more trials which requires 
extra attention, motivation and vigilance from listeners (Witton et al., 2017) which could 
lead to poorer performance. Children with dyslexia have also been found to show 
inconsistent performance and erratic responses on non-adaptive procedure (McArthur & 
Hogben, 2012). As a result, the instability of responses often creates varying results on 
psychophysical task which leads to no correlation observed between procedures (Roach, 
Edwards & Hogben, 2004).  
 
In this study, there were no significant differences in thresholds and slopes derived from 
the psychometric function in typically developing children and adults. Furthermore, in 
both procedures (adaptive and non-adaptive) at 20 and 200 Hz, thresholds were similar 
between typically developing children and adults. This may indicate that children and 
adults are using similar listening strategy to detect an amplitude modulated signals at 20 
and 200 Hz (Bonino, Leibold, & Buss, 2013). It can be inferred that the modulation 
frequencies at 20 and 200 Hz are matured in children aged between 5-17 years. 
Compared to Allen and Wightman (1994) and Buss et al. (2009), children in our study 
are older and hence there may be reduced uncertainty involved during the task. 
 
In contrast, thresholds and slopes for children with APD were poorer and shallower at 20 
and 200 Hz compared to typically developing children and adults. Witton et al. (2017) 
have identified that non-adaptive tasks can be more challenging and require greater 
cognitive resources that can lead to poorer performance compared to adaptive procedure. 
In addition, reduced performance on non-adaptive procedures can be due to failure to 
direct attention to a single stimulus dimension, lack of personal motivation and a poorer 
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ability to maintain vigilance (Witton et al., 2017). Unfortunately, no published data were 
found regarding children with APD on amplitude modulation detection with non-adaptive 
procedure. However, McArthur and Hogben (2012) have reported that 41 % of children 
with dyslexia or SLI that had completed up to 140 runs of an auditory frequency 
discrimination task had performed erratically with no improvement. In addition, several 
researchers have described that performance from children with developmental delay is 
worse compared to typically developing children as it requires more attention and 
endurance during the non-adaptive task (Karmiloff-Smith, 1998; Thomas et al., 2009).  
Shallower slopes may indicate that children with APD requires a larger modulation depth 
in order to reach a certain amount of percent correct compared to typically developing 
children. Similarly, Vandermosten et al. (2011) have reported a shallower slope in 
dyslexic children compared to typically developing children. A shallower slope observed 
in our current study for APD children may suggest guessing of responses, greater 
uncertainty and difficulties in identifying sounds (Maassen, Groenen, Crul, Assman-
Hulsmans, & Gabreel, 2001). Given that children with APD already have a disadvantage 
due to the inefficiency of the central auditory system to encode signal features (Allan, 
2011) and abnormal brainstem neural processing (Hurley, Hood, Cullen & Cranford, 
2008), it can be challenging to maintain vigilance and endurance for the non-adaptive 
procedure.  
 
 Typically developing children and adults showed a significant association between 
thresholds obtained using adaptive and non-adaptive procedure but children with APD 
showed poor association in thresholds between procedures. Children with APD 
demonstrated reduced sensitivity to detect amplitude modulation using both adaptive 
procedure (study 1) and non-adaptive procedure. These results indicate that regardless of 
the procedure used to examine amplitude modulation detection, children with APD 
demonstrate poor signal encoding. Abnormal signal encoding in APD children could be 
due to reduced integrity of the auditory system (Allan, 2011; Boothalingam, Allan, 
Purcell & Allen, 2015; Allen & Allan, 2014; Saxena, Allen, Allan, 2015) and poor 
cognitive abilities (Rosen, Mazal, & Vanniasegaram, 2010).  
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4.5 Conclusion 
In this study, similar thresholds and slopes were reported for typically developing 
children and adults may indicate their ability to use similar listening strategy to detect the 
target signal. In contrast, poorer thresholds and shallower slopes were observed in APD 
children. There is a scarcity of studies on psychometric function in APD children and 
hence it is difficult to compare and validate our findings. We speculate that APD 
children’s reduced sensitivity to detect signal feature could be due to a combination of an 
inefficient auditory system and poorer cognitive abilities. 
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Chapter 5  
5 iPaas-based Psychoacoustic App Suite 
In chapter 3, the perception of amplitude modulation was studied in children with APD, 
typically developing children and adults. All three groups showed better threshold at 20 Hz 
compared to 200 Hz. Children with APD showed significantly poor amplitude modulation 
detection thresholds at 20 and 200 Hz compared to typically developing children and 
adults. There were no significant group differences between typically developing children 
and adults. Results from chapter 3 indicated that the amplitude modulation detection test 
could be used as a reliable measure to identify children with temporal processing deficit. 
Findings of chapter 3 demonstrated that the amplitude modulation discrimination test could 
be included in the test battery of auditory processing assessment.  
It is important to remember that in chapter 3, amplitude modulation testing was carried out 
using the Tucker-Davis Technologies (TDT) system with ER-2A Insert earphones. The 
TDT system is an expensive research-grade equipment and predominantly used by 
researchers who are trained with advanced programming skills. However, audiologists may 
not purchase research-grade equipment as it is expensive and requires advanced 
programming skills. Hence, it is important for researchers to develop an affordable and 
portable system that can be used by clinicians.  
In recent years, there have been significant improvements in digital signal processing in 
portable devices. Current day portable devices are battery powered with excellent 
computing sources such as processor, graphics, sound cards and memory (Ricci et al., 
2013). These portable devices are thin and lightweight, making them easy to carry without 
having to be restricted to one location. The portability is beneficial for audiologists as the 
testing can be carried outside of clinics (Tonder, Swanepoel, Mahomed-Asmail, Myburgh, 
& Eikelboom, 2017; Meinke, Norris, Flynn, & Clavier, 2016). SHOEBOX Audiometry 
has developed an iPad (Apple Inc) audiometer. The iPad audiometer is clinically proven to 
be accurate and provides noise reduction strategies allowing it  to be used outside the sound 
booth (Saliba et al., 2017).  
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Researchers at the National Center for Audiology, Western University, in collaboration 
with SHOEBOX Audiometry and Clearwater Clinical have developed an application (App) 
on a portable device for auditory discrimination tests.  
5.1 iPaas -based Psychoacoustic App Suite test platform 
 
 
 
 
 
 
 
 
 
Figure 5.1: The home window of the Ipaas- based Psychoacoustic App Suite. On the home 
screen, users can select different psychoacoustic tests, enroll new participants, customize 
stimulus parameters and run the selected test.  
 
The iPaas is a tablet-based platform that provides a set of non-speech psychoacoustic tests 
that employ simple acoustic stimuli (tones and noises) for auditory assessment. It is 
designed to be convenient and provides users with simple procedures to administer 
different psychoacoustic tests. This technology provides convenience for users to easily 
navigate, administer any of the four psychoacoustic tests available and customize stimulus 
conditions for each test. Through this application, four psychoacoustic tests (Frequency 
Discrimination, Gap in Noise, Temporal Modulation Transfer Function and Binaural 
Masking Level Difference) can be performed conveniently. Thresholds are calculated and 
recorded in an organized manner to provide immediate results.  
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In this chapter, the focus will be on the verification of amplitude modulation discrimination 
test/ Temporal Modulation Transfer Function. A screenshot of the iPaas Psychoacoustic 
App Suite home window is shown in Figure 5.1. As displayed in Figure 5.1, options for 
test type, test preference setting, and administration has been shown. On the test preference 
setting for Temporal Modulation Transfer Function, multiple stimulus conditions can be 
adjusted before each test begins. Users can run up to three blocks and can choose from 10 
to 30 trials per block. Listener/tester has the option to choose either right or left ear for the 
testing. In order to make the auditory discrimination test interesting for children, different 
graphic themes are available such as aliens, caterpillars, gophers, and airplanes. Stimulus 
level can be varied between 50 to 90 dB A SPL. Amplitude modulation discrimination can 
be tested at 20, 32, 100, 150 and 200 Hz. Once the desired parameters are chosen, the test 
will begin immediately when the listener taps the “GO” button as shown in Figure 5.2.  
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Screenshot of the amplitude modulation test on the iPaas-based Psychoacoustic 
App Suite. This screen will appear after the user has selected to begin the test. The user 
must tap “GO” to begin the test.   
 
The iPaas uses a three-alternative forced choice task with a 2-down-1-up adaptive tracking 
rule used to track for a 70.7% correction level (Levitt, 1971). This means two standard 
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noise stimuli and one target stimulus will be presented for each trial. Once the test has 
begun, three images will appear on the screen, and each graphics item changed animation 
to indicate signal presentation (as shown in Figure 5.3). Stimuli are presented through the 
RadioEar circum-aural headphones (DD-450).  
 
 
 
 
 
 
 
 
Figure 5.3: Screenshot of the amplitude modulation test. This is an example of a trial of 
the test with the 3IFC task. Users must select one of the three noise stimuli in order for 
the next trial to begin.   
5.1.1 Circum-aural headphones and insert earphones 
Circumaural headphones have shown many advantages over insert earphones. Circumaural 
headphones have a reduced occlusion effect, greater ambient-noise attenuation and 
increased comfort (Smull, Madsen & Margolis, 2018). Circumaural headphones usually 
have a large comfortable cushion wrapped around the ears compared to insert earphones 
which have foam ear tips directly coupled to the ear canal (Zwislocki, 1988). Furthermore, 
circum-aural headphones have the ability to minimize physiological noise in the ear and 
obtain a higher attenuation of the ambient noise compared to other earphones (Zwislocki, 
1988). The circum-aural headphones have the potential for high isolation with 
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approximately 5 dB of attenuation at 100 Hz and 40 dB at 10 kHz (Dickreiter, Dittel, Hoeg, 
& Wöhr, 2008).  In comparison, insert earphones do not have noise isolation properties and 
are limited to be used in isolated sound booths (Clark & Roeser, 1988). Studies have shown 
variability in hearing thresholds when different transducers are used; thresholds obtained 
using insert earphones and supra-aural headphones were shown to be significantly poorer 
compared to circum-aural headphones (Flamme et al., 2015; Aguiar de Mello, Machado da 
Silva, & Gil., 2015). 
5.1.2 Summary 
In chapter 3, amplitude modulation discrimination thresholds were obtained using ER-2A 
insert earphones. Frequency response range of both ER-2A (up to 16 kHz) and DD 450 
(20-20 kHz) transducers were similar. Hence, it was hypothesized that adult’s amplitude 
modulation discrimination thresholds obtained using the Radio-Ear DD-450 circum-aural 
headphones would be similar to thresholds obtained using ER2A (chapter 3). The stimuli 
parameters in the iPaas system for the amplitude modulation discrimination test were 
similar to that of the TDT system (1000 Hz bandwidth with 700 Hz center frequency).  
In this chapter, first we examine the transducers verification between the ER 2A insert 
earphones and DD 450 circumaural headphones. Then we report the iPaas verification 
study between the TDT system and the iPaas- based Psychoacoustic App Suite. 
5.2  Methods 
5.2.1 Participants 
Ten adult listeners, (age range 21-32 years, mean, 25.5 years; SD ± 3.1 years) that had 
previously enrolled in the AM validation study (chapter 3) were re-recruited. These 
listeners participated both in the transducers and iPaas verification studies. All listeners 
reported no difficulty or changes in listening abilities since the first study. Pure tone 
audiometry and tympanometry were repeated to ensure their hearing was within normal 
limits.  
This study was performed in the Child Hearing Research Laboratory at the University of 
Western Ontario. All required consents were obtained before the initiation of the 
evaluation.  
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5.2.2 Stimuli, Task and Procedures 
Stimuli, task and test procedure are similar to chapter 3. For the transducer’s verification 
(study 3), the amplitude modulation test was performed on the TDT.  
In brief, narrow band stimuli (700 Hz center frequency and 1000 Hz bandwidth) were 
generated in the TDT system and delivered through the DD 450 circum-aural transducers 
at 65 dB A SPL. A three-alternative forced choice adaptive procedure was used, and the 
duration of the stimuli was 575 msec with an inter-stimulus interval of 400 msec. The 
amplitude modulation thresholds were obtained at 20, 32, 100 and 200 Hz. Testing was 
carried out in the sound booth, and listeners were given sufficient breaks during the testing.   
 
Calibration of the DD 450 circum-aural headphones was completed on the software 
called Spectra Plus using an artificial ear (Type 4152) and a Bruel-Kjaer microphone. 
The mic calibrator output level for the reference level was set at 65 dB SPL for the 
modulated frequencies (20, 32, 100 and 200 Hz).  
5.3 Result 
5.3.1 Transducer verification 
Figure 5.4 illustrates mean AM thresholds obtained using ER 2A transducer (data are 
shown in an unfilled black triangles) and DD-450 transducers (data shown in black filled 
squares) on the TDT system for ten normal hearing participants. The x-axis indicates the 
modulation frequencies (20, 32, 100 and 200 Hz) and y-axis denotes the modulation 
thresholds (dB).  
A paired t-test was carried out between modulation thresholds (20, 32, 100 and 200 Hz) 
with the two transducers (ER 2A insert earphones and DD 450 circum-aural headphones) 
to examine whether there are any mean differences. Modulation thresholds at 20 [ t (9) = -
3.604, p = 0.006] and 32 Hz [ t (9) = -3.407, p = 0.008] were significantly better for the 
DD-450 circum-aural headphones compared to ER-2A insert earphones. There were no 
significant differences in thresholds between transducers at 100 Hz [ t (9) = -0.694, p = 
0.505] and 200 Hz [ t (9) = -0.220, p = 0.831].  
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Figure 5.4: Amplitude modulation thresholds at 20, 32, 100 and 200 Hz obtained using 
ER2A (unfilled black triangles) and DD450 (black filled squares) transducers on the TDT 
system.  
In the transducer verification stage, modulation thresholds were compared between the ER 
2A transducers and DD 450 circum-aural headphones on the TDT. The ER 2A transducers 
and DD 450 circum-aural headphones have similarities and differences. ER 2A transducers 
are commonly used for testing inside the sound booth with minimal background noise. In 
comparison, the DD 450 circum-aural headphones have ambient noise attenuation 
properties and are ideal to be used in the open field (Smull et al., 2018). However, both ER 
2A insert earphones and DD 450 circum-aural headphones have similar frequency response 
ranges. Hence, a transducer verification was warranted since we hypothesize no significant 
differences in modulation thresholds. 
Statistical analysis has shown that thresholds of DD 450 circum-aural headphones were 
only reported significantly better at slower modulation rates (20 and 32 Hz). Researchers 
proceeded with the iPaas verification study since significant differences in thresholds were 
only found at lower frequencies which is consistent with a previous study that found 
circum-aural headphones to be sensitive at lower frequencies (Lo & McPherson, 2013). 
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5.3.2 iPaas Verification 
The iPaas verification (study 4) had performed the amplitude modulation test using the 
iPaas-based Psychoacoustic App Suite on the iPad Pro (Apple Inc). In brief, narrow band 
stimuli (700 Hz center frequency and 1000 Hz bandwidth) were generated in the iPaas and 
delivered through the DD 450 circum-aural transducers at 65 dB A SPL. A three-alternative 
forced choice adaptive procedure was used, and the duration of the stimuli was 575 msec 
with an inter-stimulus interval of 400 msec. The amplitude modulation thresholds were 
obtained at 20, 32, 100 and 200 Hz. Testing was carried out in the sound booth, and 
listeners were given sufficient breaks during the testing.   
Figure 5.5 illustrates the test results (in dB) of trial-by-trial tracks of a participant who has 
completed the amplitude modulation test at 200 Hz on the iPaas (a) and on TDT system 
(b). On Figure 5.5 (a), the plot displays the individual tracking of 30 trials for two tracks 
completed in one session. Right below the plot shows the estimated threshold of track 1 
and 2 that are colour coded in purple and blue, respectively. The bottom right shows the 
calculated average thresholds for both tracks. For Figure 5.5 (b), the plot displays the 
individual tracking of track 1 (purple) and track 2 (blue). The x-axis is the number of trials 
and the y-axis denotes modulation thresholds in decibels (dB). Amplitude modulation 
thresholds for block 1, (-15.9684) and block 2 (-15.1415) were also indicated on the plot. 
As seen in Figure 5.5 (a) and (b), the comparison has shown consistent and similar 
thresholds which demonstrates the reliability of this new device.  
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Figure 5.5 a): iPaas screenshot of test track for the amplitude modulation test. This is an 
example of a participant that has completed two tracks at 200 Hz. Individual tracking 
thresholds in dB, thresholds for each block and average thresholds are available on this 
screen. b) Two tracks of individual tracking at 200 Hz of a participant that completed the 
amplitude modulation test on the TDT system. Track 1 (purple filled circle) and track 2 
(blue filled circle) with individual thresholds and average thresholds are provided.   
 
Amplitude modulation thresholds obtained on the TDT system using DD-450 circumaural 
headphones were compared with thresholds obtained on the iPaas (DD 450). Stimulus 
characteristics and testing procedures were similar to that of chapter 3. Ten participants 
who had participated in the transducer verification stage were enrolled in this study. 
Figure 5.6 shows the AM thresholds obtained using the TDT (black filled square) and the 
iPaas (unfilled black diamond) with DD 450. As illustrated in Figure 5.6, the x-axis 
indicates the modulation frequencies (20, 32, 100 and 200 Hz) and the y-axis shows the 
modulation thresholds (dB).  An RMANOVA was conducted with AM frequency (20, 32, 
100 and 200 Hz) as within-subject factors and TDT and iPaas as between-subject factor. 
There were no significant differences in thresholds obtained using iPaas and TDT systems 
[F (1, 18) = 0.022, p = 0.885] and there was no significant interaction between systems and 
AM thresholds at different frequencies [F (3, 54) = 0.424, p = 0.737].  
The purpose of the iPaas verification study was to examine whether there are any 
differences in thresholds obtained using the iPaas and the TDT system. There were no 
significant differences in thresholds between systems indicating that the iPaas system can 
generate signals that are equivalent to research grade TDT system.  
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Figure 5.6: Amplitude modulation thresholds at 20, 32, 100 and 200 Hz obtained using 
TDT (black filled squares) and iPaas (unfilled black diamonds).  
 
5.4 Discussion 
The goal of this study was to compare amplitude modulation thresholds obtained using the 
TDT and iPaas- based Psychoacoustic App Suite. Researchers at National Centre of 
Audiology at Western University in collaboration with SHOEBOX Audiometry and 
Clearwater Clinical have developed an affordable and portable device that can be used to 
administer an amplitude modulation discrimination test outside of laboratory setting. This 
study was split into two parts, transducer verification and the iPaas verification.  
The iPaas uses DD 450 circum-aural headphones as it has better noise-isolation properties 
compared to ER-2A insert earphones (Smull et al., 2018). The ER 2A insert earphones are 
commonly used in sound booths and have limited ability to reduce background noise 
(Zwislocki, 1988). These two transducers have similar frequency responses. Hence, in the 
transducer verification stage, it was hypothesized that there would not be any significant 
differences in thresholds obtained using ER-2A and DD-450. However, thresholds were 
significantly better using DD-450 transducers at 20 and 32 Hz. There were no significant 
differences in thresholds at 100 and 200 Hz. Observed differences in thresholds at slow 
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amplitude modulation frequencies could be due to better sensitivity of the circum-aural 
headphones at lower frequencies (Lo & McPherson, 2013).   
In the iPaas verification stage, DD-450 transducers were used, and thresholds obtained 
using iPaas and TDT system were compared. There were no significant differences in 
thresholds obtained using iPaas and TDT system. These results indicate that the iPaas 
system is capable of generating signals that are equivalent to research grade TDT system.  
Research-grade equipment (i.e., TDT) can be expensive. Researchers believe it is ideal to 
develop a portable device that can be used for auditory discrimination tests. A portable 
device with a sleek design will provide more flexibility for both clinicians and patients 
since testing can be done outside of sound booths. This can benefit patients who are 
immobile or reside in rural and remote communities with limited access to hearing health 
care (Jacob, Duran, Stinson, Lewis, & Zeltzer, 2012). For clinicians, this portable device 
is significantly more accessible and affordable than the research grade TDT system. This 
portable device also allows users without advanced programming skills to easily administer 
psychoacoustic tests that are important to understand auditory processing (Temporal 
Modulation Transfer Function, Frequency Discrimination, Gap Detection Threshold and 
Binuaral Masking Level Difference).  
5.5 Conclusion 
The amplitude modulation thresholds from the DD 450 transducers were reported only to 
be significantly better than ER 2A transducers at the slower modulation rates (i.e. 20 and 
32 Hz), this can be due to the noise isolation properties (Smull et al., 2018). The 
amplitude modulation thresholds from the iPaas was comparable to the TDT, which 
suggests the ability of the iPaas to generate signals equivalent to the TDT. This initial 
study demonstrates that the iPaas can be used as a reliable tool to obtain amplitude 
modulation detection thresholds. This low-cost device could be the link between 
transferring psychoacoustic tests performed in the laboratory to the clinical setting. Also, 
verification of other psychoacoustic tests (Frequency Discrimination, Gap Detection and 
Binaural Masking Level Difference) that are on iPaas should be carried out. Since 
verification of iPaas was carried out in an ideal condition (i.e. in a sound treated room), it 
is not clear how thresholds will be affected when the testing is carried out outside of the 
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test booth. Future studies should also focus on developing normative data using iPaas for 
the amplitude modulation discrimination in different age groups. 
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Chapter 6 
6. Conclusion and Future direction  
The purpose of this study was to examine amplitude modulation perception in listeners 
(children with APD, typically developing children and adults) through a non-speech 
based amplitude modulation task, psychometric function study and verification of the 
amplitude modulation task on a portable device (iPaas-based Psychoacoustic App Suite).  
In the amplitude modulation task, the goal was to help segregate whether listeners have 
difficulty extracting basic signal features. Children with APD were observed to have 
poorer thresholds compared to typically developing children and adults. This may suggest 
that despite normal hearing thresholds, children with APD show a deficit in temporal 
processing of acoustic information. When the central auditory system of APD children is 
not able to efficiently process temporal information, it may hinder learning new 
information. Consequently, children with APD may find increased challenges when 
learning unfamiliar information. Misunderstood information may also result in learning 
difficulties and poor academic performance and also increased fatigue due to effortful 
listening. Similar thresholds in typically developing children and adults may suggest that 
modulation frequencies at 20 and 200 Hz are matured in typically developing children 
which allows them to perform comparably to adults. 
The intent of the psychometric function study was to provide information on the 
listener’s detection process. It describes the relationship between the correct percent of 
detection to the signal level in a detection task based on a sigmodal function and 
providing information on the slope and threshold. As expected, the thresholds and slopes 
of children with APD were poorer and shallower compared to typically developing 
children and adults. This is an indication that APD children require a much larger 
modulation depth to detect at 70.7% correct compared to typically developing children 
and adults. Shallower slopes may also imply a greater uncertainty and inconsistency in 
their responses. Similar thresholds and slopes in typically developing children and adults 
may suggest that they were using similar listening strategies to detect thresholds at 20 and 
200 Hz. 
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Finally, the goal of the iPaas verification study was to examine amplitude modulation 
thresholds between a research grade system (TDT) and a portable device (iPaas). 
Currently, the amplitude modulation task can only be administered using expensive and 
technologically demanding system in a laboratory setting. As a result, audiologists have 
no access to this testing for patients who may benefit from them. Researchers at Western 
University have collaborated with SHOEBOX Audiometry to implement an affordable 
and portable device (iPaas –based Psychoacoustic App Suite) with psychoacoustic tests 
that can be tested outside of the laboratory. Verification on transducers (ER 2-A and DD 
450) and systems (TDT and iPaas App Suite) were conducted to show whether the iPaas 
can act as a reliable tool for future testing in the clinical testing. It was found that 
modulation rates at slower frequencies (i.e. 20 and 32 Hz) were better when using DD 
450 transducers compared to ER 2A transducers, it may be due to noise isolation 
properties. No differences in thresholds were observed between TDT and iPaas when the 
same transducer was used (DD 450) suggest that the portable device may act as a reliable 
tool to transfer the amplitude modulation task from the laboratory to the clinical setting. 
As this study was performed inside a sound treated room with adults only, there is a need 
to conduct further investigation. Future research can take a variety of approaches. We 
may suggest collecting a larger amount of normative data or administering the amplitude 
modulation task outside of the sound booth to assess whether thresholds would be 
influenced by natural noise conditions. We also suggest conducting the amplitude 
modulation task on other clinical populations (i.e. children with APD and hearing 
impaired).  
In summary, the combination of the amplitude modulation task, psychometric functions 
and iPaas verification demonstrated the importance of assessing suprathreshold tests in 
individuals who complain of listening difficulties. This non-speech based amplitude 
modulation task is beneficial as an additional measure to the Auditory Processing 
Evaluation test battery.  
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